We use a de Novo protein design strategy to demonstrate that the second coordination sphere of a metal site plays a key role in controlling coordination geometries of Cd(II)-tris-thiolate complexes. Specifically, we show that alteration of chirality within the core hydrophobic packing region of a three-stranded coiled coil (3SCC) can control the coordination number of Cd(II) by limiting steric encumbrance to the metal center. Within a specific class of 3SCCs [Ac-G-(LKALEEK) n -G-NH 2 ], where n = 4 is TRI and n = 5 is GRAND, one l-Leu may be substituted by l-Cys to generate a planar tris-thiolate array capable of metal binding. In the native peptide containing only the l-configuration of leucine, the three-Cys ligand site leads to a mixture of 3-and 4-coordinate Cd(II). When the l-Leu above (toward the N-terminus) the tris-Cys site is substituted with d-Leu, solely a 3-coordinate structure [Cd(II)S 3 ] was obtained. When d-Leu is located below (toward the C-terminus), a mixture of two coordination geometries, presumably Cd(II)S 3 O and Cd(II)S 3 O 2 , is observed, while substitution with dLeu both above and below the tris-Cys plane yields a higher percentage of 4-coordinate Cd(II)S 3 O species. Thus, the use of d-amino acids around a metal's coordination sphere provides a powerful tool for controlling the properties of future designed metalloproteins.
Introduction
As synthetic chemists, it is humbling to realize that nature has been able to construct all life forms, and the diversity of chemical reactions they complete, from essentially 20 canonical amino acids. And yet, one can only imagine the multitude of structures and functions available to proteins if a wider array of non-coded amino acids was exploited. While recent advances in molecular biology have allowed for the controlled incorporation of a myriad of different amino acids within proteins using amber codons or post-translational modification [1] [2] [3] , the most straightforward method of incorporating alternate amino acids in protein engineering is through solid-phase synthesis [4] [5] [6] [7] [8] [9] . The introduction of artificial amino acids greatly expands the versatility of the protein sequence pool. Modification of designed proteins with a broader range of amino acids might enhance protein stability, modify catalytic capabilities, or reveal novel physical properties not yet appreciated in native proteins [8, [10] [11] [12] . d-amino acids constitute one class of non-coded protein building blocks. It has been shown that the mutation of one specific amino acid from a normal l-amino acid to a d-amino analogue does not dramatically affect the overall structure of the whole protein and the replacement site [4, 8, 13] . Indeed, such changes may engender physical properties that could be useful for future biophysical and pharmaceutical applications.
The stereochemistry of d-amino acids is an interesting tool to extend the scope of de Novo protein design, because the side chains remain chemically the same as their l-analogs. In addition, the chirality offers a geometrically non-superimposable structure compared to its own mirror image. The strategy exploits these "first principles" of the altered configuration to constrain the folding of peptide chains chemically in a specific position, because this chirality imposes limited regions of conformational space which results in desired folding [14, 15] . d-Proline (d-Pro) was used to force prime turns to nucleate antiparallel β-hairpin formation in LD dipeptide sequences [10, 15] . d-Aspartic acid (d-Asp) placed in the N-capped position acts as a strong conformational determinant to induce a type II β-turn conformation and 3 10 helical structure [16] . Moreover, the stereoisomer of d-amino acids has also been employed to create hetero-chiral fold designs of bracelet and boat-shaped molecules [17, 18] , a canoe-like construct as an alkali receptor [19] , a pi-cup scaffold as an acetylcholine receptor [20] , and the Zn-finger hydrolase (αββ fold) structure [21] . A series of alternating LD sequences was also designed to self-assemble into the extended β-helices winding around like a cylinder to mimic the native chiral alternating sequence of gramicidin found in Bacillus brevis [15, [22] [23] [24] . Another prominent advantage of employing d-amino acids is as a helical terminator as evident in d-Alanine (d-Ala) and d-Leucine (d-Leu) facilitating the Schellman motif to terminate helix formation [25, 26] . These examples clearly prove that d-residues strongly provide stereochemical conformational effects that may be used in rational de Novo designs. These units considerably expand polypeptide templates that possibly pave ways toward designing novel peptide architectures. Until our work, no studies have been reported that use d-amino acids to engineer metal environments or to control metal geometries [4, 5, 27] .
We have utilized the TRI family and GRAND peptide sequences (sequences as given in Table 1 ) to generate 3SCC peptide scaffolds for heavy metal studies [4, 6, 13, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] .
These peptides are amphipathic α-helix comprised of four and five heptad repeats [L a K b A c L d E e E f K g ], respectively, in which the N-and C-termini are capped with acetylated and amidated glycine residues [44] . Non-polar residues at the a and d positions make up the hydrophobic core and polar residues at the e and g positions provide electrostatic interactions, leading to the assembly of a 3SCC (above pH 5.5) (Fig. 1, top) . To generate a heavy metal binding site for Cd(II), Hg(II), As(III), or Pb(II), a Leu residue is substituted at either the a or d position with a cysteine (Cys) residue, resulting in a tris-thiolate site (Fig. 1, bottom) .
The TRIL16C peptide, in which a Cys residue is replaced in lieu of Leu at the 16th position, was designed to study Cd(II)-binding interactions. This (TRIL16C) 3 peptide was spectroscopically shown to bind a series of metals in a threecoordinate environment [28, 29, 31, 32, 35, 36, 40, [45] [46] [47] ; however, Cd(II) was found to bind to such peptide in two distinct geometries: Cd(II)S 3 and Cd(II)S 3 O [35] . Much effort focused on how to engineer the binding site environment to control specific coordination geometries on Cd(II) in the 3SCCs. The knowledge gained helps clarify Cd(II)-protein interactions that might be found in nature, e.g., CadC and CmtR and to emphasize the strong ability of the "bottom-up approach" to build a small and stable metalloprotein model to understand basic principles of nature at an unprecedented level.
The coordination environment of the designed peptides was probed by the joint use of 113 Cd Nuclear Magnetic Resonance (NMR) [48] [49] [50] [51] and 111m Cd Perturbed Angular Correlation (PAC) spectroscopies [52, 53] , which provide useful information on the coordination environment of cadmium as a result of the different timescales of the two methods. With a timescale of 0.01-10 ms, 113 Cd NMR can be used to characterize the number of unique cadmium environments 
present (number of resonances) as well as help identify the number and type of ligands bound to Cd(II) due to the chemical shift range. Based on the previously published results of the a site-metal binding peptides, 3-and 4-coordinate thiolate sites have 113 Cd NMR chemical shifts that are between 680-700 and 570-600 ppm, respectively. A mixture of 3-and 4-coordinate species falls in 600-680 ppm range [41] . These chemical shift values are now used as a reference for Cd(II) geometry assignment in this system.
111m
Cd PAC can provide information about the metal site electronic environment, symmetry, and dynamics. If the ligands bound to the metal exchange faster than the NMR timescale but slower than 0.1-100 ns, signals from the individual sites may be recorded by PAC spectroscopy, while in NMR spectroscopy, a single resonance will be observed due to fast exchange. The PAC spectrum provides information about first coordination sphere ligands (ω o ) and symmetry around the z-axis (η) [41, 53] . The ω o values gained from the previous research of the a site-metal binding peptides fall into the frequency regions; 0.450 rad ns −1 , indicating a trigonal planar Cd(II), and 0.350 rad ns −1 , indicating a pseudotetrahedral Cd(II) geometry [41] .
The main concept to enforce a desired geometry is to engineer the steric environment around the metal pocket.
Previous work demonstrated that substitution of l-Leu by l-Ala above (toward the N-terminus), a tris-Cys binding site in TRIL12AL16C allowed for a 100% Cd(II)S 3 O structure, because space was made available for solvent access to the metal [6, 37] . The isolation of a fully 3-coordinate species was achieved by two alternative designs. One increased the steric bulk of the first sphere coordination ligands around the metal binding site using a non-coded amino acid, l-Penicillamine (Pen), incorporated in the 16th position [5] . Cd(TRIL16Pen) 3 − exhibited a fully 3-coordinate Cd(II) S 3 [5] . The other strategy was to use d-Leu to introduce steric encumbrance above the metal site in TRIL12 D LL16C design. This approach exploited the alternative chirality which repositioned the side chain closer to the (Cys) 3 metal binding layer. As the chemical properties of l-and d-Leu remain invariant, it was the reorientation conferred by d-configuration in the 12th position that resulted in a 100% Cd(II)S 3 [4] .
In the present study, a broader exploration of the application of stereochemical control of the second coordination sphere of metal ions to define coordination number has been completed. We show that when d-Leu is inserted below (toward the C-terminus) rather than above the Cys layer (TRIL2WL16CL19 D L), the reorientation of d-Leu produces made based on the apo-(CSL16C) 3 (PDB code: 5K92) [42] . Bottom: PyMOL visualization demonstrating how to engineer a tris-thiolate binding site into the interior of 3SCC. The substitution of Leu residues (shown as blue sticks) with Cys yields three-Cys environment that is capable of binding heavy metal atoms. The figure was made based on the Hg(II) S Zn(II) N (GRAND-CSL16CL30H) 3 + structure (PDB code: 5KB0) [42] 4-or 5-coordinate Cd(II) complexes, and substitutions of two d-Leu residues simultaneously above and below the 16-Cys layer in GRAND-CSL12 D LL16CL19 D L give similar results, although with a different relative population of the 4-and 5-coordinated species. An analysis of this work enhances our understanding of how the non-coordinating ligands around the metal center have an impact on metallocofactor structure, especially by defining the coordination chemistry of the metal site.
Experimental section

Materials
Peptide synthesis and purification
Peptides were synthesized on an Applied Biosystems 433A peptide synthesizer, purified and characterized as previously reported [54] . Concentration of peptide stock solutions was determined by quantitation of the cysteine thiols using Ellman's test, which uses dithionitrobenzoate (DTNB) as an indicator [55] .
Physical characterizations
Circular dichroism (CD) spectroscopy
CD spectral measurements were performed at room temperature on an AVIV 62DS spectrometer using a 1 mm strain-free quartz cuvette. CD spectra for 20 μM (monomer concentration) apo-peptide in a solution containing 10 mM phosphate buffer pH 8.0 and 10:1 TCEP to monomer ratio (to prevent Cys oxidation) were collected from 280 to 190 nm every 1 nm with 1 s signal averaging. In the case of holo-peptide, Cd(II)Cl 2 solution was added into the peptide solution to make 1:1 Cd(II):trimer peptide ratio. The CD signal observed in milli-degree of ellipticity was converted to molar ellipticity, [Θ] , and is reported in units of deg dmol −1 cm 2 .
UV/Vis Cd(II) binding titrations
UV/Vis spectra were monitored on a Cary 100 UV/Vis spectrophotometer in 1 cm quartz cuvette. All solutions in the experiments were purged under Ar atmosphere before titrations to reduce chances of oxidations. The titrations were performed by titrating small aliquots (0.1 eq) of 10 mM Cd(II)Cl 2 into a 3 mL solution containing 60 μM peptide monomer, 50 mM TrisHCl buffer pH 8.5 and 10 eq of TCEP solution per monomer ratio. Upon titrations, the solutions were stirred by flat rectangular magnet for 5 min and allowed to sit for 3 min before being scanned. The spectra between 350 and 190 nm were collected to observe the increase in LMCT bands with a scan rate of 240 nm min −1 . Difference spectra were obtained by subtracting the background spectrum of apo-peptide solution (60 μM peptide monomer in 50 mM TrisHCl and TCEP, pH 8.5) in the absence of metal.
pH titrations
pH titrations were done at room temperature by the addition of small aliquots of concentrated KOH to unbuffered solutions of 20 μM Cd(II)Cl 2 and 60 μM peptide monomer on an Ocean Optics SD 2000 fiber-optic spectrometer. The scans were collected from 350 to 190 nm and the absorbance at λ max was measured as a function of pH using a gel-filled combination electrode (Accumet) attached to a Fisher Accumet model 805 pH meter. All the solutions were constantly purged with argon to avoid disulfide-linked formations in the metal binding site. Peptide concentration was determined using the Ellman's test which quantifies the aliphatic thiol products from the reaction of Cys thiol of the peptide to cleave the disulfide bond in DTNB, yielding colormetric 2-nitro-5-thiobenzoate (NTB − ) [55] . The sample concentrations usually range from 4-to 6 mM 3SCC. An appropriate amount of a 250 mM 113 Cd(NO 3 ) 2 solution (prepared from 95% isotopically enriched 113 CdO obtained from Oak Ridge National Laboratory) was then added to make a 1:1 Cd(II):3SCC ratio. The final pH was adjusted with concentrated KOH or HCl to reach pH 8.5.The data were processed using MestRe-C [56] . The free induction decays were zero-filled and processed with an exponential function with a line-broadening value of 100 Hz before Fourier transformation. 
Cd perturbed angular correlation (PAC) spectroscopy
The experiments were performed with a setup using six detectors. The sample temperature was 1 ± 2 °C, which was controlled by a Peltier element. The radioactive 111m Cd was produced on the day of the experiment at the University Hospital cyclotron in Copenhagen and extracted as described previously [57] , except for the HPLC separation of zinc and cadmium, which is only required to lower Zn(II).
This procedure may lead to zinc contamination of the sample, but the level of contamination should not interfere with the experiment. The 111m Cd solution (10-40 µL) was mixed with nonradioactive cadmium acetate and TRIS buffer. The peptide was then added (dissolved in ion-exchanged water), and the sample was left to equilibrate for 10 min to allow for metal binding. Finally, sucrose was added to produce a 55% w/w solution. The pH of the solution was adjusted with H 2 SO 4 or KOH. The pH reported was measured at room temperature after the PAC experiment and corrected to the pH at 1 °C. The pH of solutions buffered by TRIS is temperature dependent. Because of the pH dependence on the temperature of TRIS solutions, the pH of the solution at 1 °C was calculated using pH (1 °C) = 0.964 [pH(25 °C)] + 0.86 [57] . The samples were either used immediately after preparation or left on ice for up to 2 h until the measurement was started. All buffers were purged with Ar and treated so as to lower metal contamination. The final volume of the samples ranged between 0.05 and 0.5 mL with concentrations of 300 µM peptide and 20 mM TRIS. All fits were carried out with 300-400 data points, disregarding the 3-5 first points due to systematic errors in these. The analytical expression for the perturbation function is known [52] , and five parameters are fitted to the data: ω 0 is a measure of the nuclear quadrupole interaction strength; the asymmetry parameter (η) refers to the symmetry of the structure at the site of the PAC probe. In an axially symmetric structure, η is 0, and the largest value of this parameter, namely, 1, is found, for example, in a tetrahedral complex with 2A and 2B ligands. The amplitude of the signal is denoted A. If more than one structure at the site of the PAC probe is present in the sample, the relative amplitudes will in general directly reflect the relative population of the different sites. The line shape of the Fourier transformed data can be affected by structural variations at the site of the PAC probe from one molecule to the next, reflected in the relative peak width ∆ω 0 /ω 0 ; dynamics similarly affects the PAC signal, and is reflected in the rotational correlation time τ c . In summary, five parameters [A, η, ω 0 (or ν Q ), ∆ω 0 /ω 0, and τ c ] are determined for Cd(II)(TRIL2W16CL19 D L) 3 − and Cd(II)(GRAND-CSL12 D L16CL19 D L) 3 − , see Table 2 .
Extended X-ray absorption fine structure (EXAFS)
The samples containing 2 mM Cd(II) and 8 mM each peptide at pH 8.5 were independently prepared for EXAFS measurements. XAS data were collected at Stanford Synchrotron Radiation Lightsource (SSRL) on beam line 7-3. An Si(220) double crystal monochromator was detuned to 50% of the maximum intensity for harmonic rejection and the beam size was 1 × 7 mm 2 . The X-ray energies were calibrated by collecting the absorption spectrum of a Cd foil reference at the same time as the fluorescence data, with the first inflection points assigned as 26,714 eV. The sample temperature was maintained between 9.8 and 12.6 K during data collection using an Oxford liquid helium flow cryostat. XAS data were collected as fluorescence excitation spectra using a 13-element Ge solid-state detector array. Spectra were measured with 10 eV increments in the pre-edge region (26,484-26,695 eV), 0.3 eV increments in the edge region (26,695-26,745 eV), and 0.05 Å −1 increments in the EXAFS region (2.75-14.00 Å −1 ), with integration times of 1 s in the pre-edge and edge and 1-20 s (k 3 -weighted) in the EXAFS region, for a total scan time of 35 min. For all samples, the first and last spectra were compared to confirm the lack of radiation damage during the measurements. Each of the scans was examined for glitches before averaging; and a total of six scans were used for averaging. The raw data were normalized to the tabulated X-ray absorption coefficients using MBACK [58] . Data were converted to k space, k = [2m e (E − E 0 )/ħ 2 ] 1/2 , using a threshold energy (E 0 = 26 716.3 eV) that was calibrated by fitting the EXAFS data for the crystallographically characterized reference compounds [59] . Background in EXAFS data was further removed using a least-squares spline with k 3 weighting. The EXAFS data, χ(k), were fit to Eq. (1), where N s is the number of scatterers with atom type s at a distance of R as , A as (k) is the effective backscattering amplitude function, σ 2 as is the Debye-Waller factor (disorder in R as ), ϕ as (k) is the phase-shift of the photoelectron wave traveling between the potentials of the absorbing and scattering atoms, and the sum is calculated over all shells of scatterers. The amplitude and phase functions, A as (k) and ϕ as (k), were calculated using FEFF 7.02, with an amplitude reduction factor of 0.9. Raw data were k 3 -weighted, and the individual fits were performed in k space (1.5-13.0 Å −1 ), allowing R as and σ 2 as to vary for each shell [60] :
Results
Circular dichroism spectroscopy (CD)
CD spectra were obtained to determine the effects of introducing a d-amino acid on the secondary and tertiary structure of the coiled coils. The coiled coil and alpha helix have CD spectral signatures in the far-UV region at 208 and 222 nm, respectively, as a negatively double-well band. At pH 8.5, the molar ellipticity values at 222 nm designate folded coiled-coil structures, revealing an average of − 25,468 deg dmol −1 cm 2 for apo-TRIL2WL16CL19 D L and of − 26,212 deg dmol −1 cm 2 for metalated-TRIL2WL-16CL19 D L. These values correspond to 71.7 ± 0.1 and 73.8 ± 1.2% initial folded coiled-coil structures, respectively (Fig. 2) . GRAND-CSL12 D LL16CL19 D L has a negative peak at 222 nm with an average of − 25,052 deg dmol −1 cm 2 for apo-peptide and of − 26,055 deg dmol −1 cm 2 for metalatedpeptide corresponding to 70.6 ± 0.9 and 73.4 ± 0.8% initial folding, respectively (Fig. S1 ). GnHCl denaturation studies were conducted to evaluate the stability of the peptides. (Fig. S3) .
UV/Vis metal binding titrations
This characterization was performed to investigate Cd(II)-protein interactions in aqueous solution by following the LMCT transition of Cd(II)-trithiolate complex formation. Upon the addition of aliquots of Cd(II) to the
as k 2 sin 2kR as + as (k) .
TRIL2WL16CL19 D L peptide solution at pH 8.5, a wellresolved peak at 232 nm was observed. The absorbance of each titration point was plotted as a function of equivalence of Cd(II), showing a steep slope before 1 equivalence of Cd(II) per 3SCC, following by a suddenly sharp turn at 1 equivalent of Cd(II) per 3SCC and leveling off afterwards (Fig. 3) . This confirmed the expected stoichiometry of Cd(II) incorporated into the design peptide was 1:3. The total concentration of Cd(II) was used to calculate an extinction coefficient of 19,900 M −1 cm −1 (λ max = 232 nm). A similar observation was found with GRAND-CSL12 D LL16CL19 D L, (Fig. S4) .
113
Cd NMR
The 113 Cd NMR spectra of the different Cd(II) peptide complexes were recorded at pH 8.5 under conditions, where the metal ion was fully bound based on pH titration studies. A sharp single resonance was observed at chemical shifts of 600 and 610 ppm for TRIL2WL16CL19 D L and GRAND-CSL12 D LL16CL19 D L (Fig. 4) , respectively.
111m
Cd PAC 111m Cd PAC was used to assign the Cd(II) coordination geometry of the peptides. The PAC data of 111m Cd and TRIL2WL16CL19 D L monomer in a 1:12 ratio at pH 8.6, 1 °C cannot be analyzed with only one nuclear quadrupole interaction (NQI). A single NQI recorded for randomly oriented molecules must display the highest intensity of the first (lowest frequency) peak in the Fourier transformed data, and the current data clearly exhibit the highest intensity of the second peak, see (Fig. 5) . The 111m Cd PAC parameters are given in Table 2 .
EXAFS
X-ray absorption spectroscopy (XAS) was used to obtain precise metrical parameters for the Cd(II) coordination environment. The EXAFS data for Cd(II)(TRIL2WL-16CL19 D L) 3 − , shown in Fig. 6a , is representative of all of the EXAFS data (the spectra for the other three samples are shown in Fig. S5 ). The spectra are all quite similar, showing only minor variations in the shape of the amplitude envelope and in the frequency of the oscillations. In all cases, the Fourier transform of the data shows only a single peak, arising predominantly from Cd(II)-S scattering, and in all cases, the data can be fit using a single Cd(II)-S shell with a Cd(II)-S distance of ~ 2.5 Å. In every case, there is a modest improvement in the fit quality when a Cd(II)-O shell is added. Although the improvement in fit quality (15%) is slightly smaller for the authentic Cd(II)S 3 Table 3 .
Discussion
A true test for the complete understanding of metalloprotein design is the capability to force specific coordination structures on a metal site. One approach to achieve this control is to exploit changes in amino acid stereochemistry in de Novo metalloprotein design. While not used in nature, the advanced concept of using d-amino acids as an approach to control Cd(II) site properties has been shown to be a viable strategy [4, 5] . The placement of d-Leu at the 12th position in the TRIL12 D LL16C design [4] achieved an exclusive Cd(II)S 3 structure. We hypothesized that when d-Leu was placed in the 19th position, one layer below the metal site (the 16th position), the altered configuration of d-Leu would make the isobutyl side chain point down toward the C-terminus. Such a modification [TRIL2WL16CL19 D L, where the Tryptophan residue (W) at the second position is for spectroscopic tag] would provide room for an additional water ligand to access the Cd(II) center, which could allow for the formation of the first 5-coordinate Cd(II)S 3 O 2 complex within this class of designed peptides.
Analysis of Cd(II) interactions in TRIL2WL16CL19 D L peptide
The effect of introducing a d-amino acid on the secondary and tertiary structures of the coiled coils in aqueous . In each graph, the black line corresponds to the experimental data and the red line to the fit. The insets contain the data in the k space before Fourier transformation Table 3 Spectroscopic data for Cd(II) binding to the different peptides a Data from Refs. [26, 36] b Data from Refs. [3, 35] c Data from Ref. [4] d Data from Refs. [37, 40] e Data from Refs. [6, 38] solution at pH 8.5 was first determined by CD spectroscopy. In Fig. 2 , the co-existence of the two bands at 208 and 222 nm designated n → π * and π → π ค transitions between the backbone amide and carbonyl groups is the signature of α-helical and coiled-coil structures, respectively [62] . Based on the molar ellipticity at 222 nm, Cd(II)(TRIL2WL16CL19 D L) 3 − is 73.8 ± 1.2% folded, which is less than the l-amino acid sequence Cd(II)(TRIL16C) 3 − (almost 100% folding) [63] This indicated that the inclusion of a d-amino acid destabilizes the peptide. Moreover, GnHCl denaturation studies further emphasized that when Cd(II) was added into the peptide, Cd(II)(TRIL2WL16CL19 D L) 3 − exhibits ΔG folding of 1.9 kcal mol −1 (ΔG folding of the apopeptide is 1.8 kcal mol −1 ) (Fig. S2) , whereas the value of ~ 6.4 kcal mol −1 was reported for Cd(II)(TRIL16C) 3 − . This result indicated that the coiled-coil system is destabilized when the opposite chirality of d-Leu is incorporated in the 19th position. A UV/Vis metal binding titration of Cd(II) with the peptide shows that after one equivalent of Cd(II) per 3SCC was added, a Cd(II)(TRIL2WL-16CL19 D L) 3 − complex formed (Fig. 3) . This result suggests that even though the peptide is destabilized by the introduction of a d-amino acid, it is still capable of sequestering Cd(II) efficiently. A comparison of UV titrations with the analogous l-amino acid parent peptide, TRIL16C, yields similar results. First, the LMCT bands of both peptides are centered at 232 nm. It is noted that both of the peptides bind in a 3:1 monomer peptide to metal ratio with strong metal binding as revealed from the sharp curve of Δε vs. equivalents of metal plotted for both TRIL16C and TRIL2WL16CL19 D L. However, the final extinction coefficients per metal of the peptides are different (Table 3) [4, 35] . There is a trend in these observations suggesting that the higher extinction coefficients correlate with lower Cd(II) coordination numbers (Fig. S6) . At one end, TRIL2WL16CL19 D L assumed to bind Cd(II) in higher coordination numbers (4 or 5) has the lowest Δε, while TRIL12 D LL16C published with a fully trigonal site has the highest Δε among the three. The pure 4-coordinate TRIL12AL16C is slightly lower than the TRIL16C, which contains that mixtures of the two species [Cd(II)S 3 3 − shows a single resonance at 600 ppm suggesting almost 100% of Cd(II)S 3 O (Fig. 4b) ; however, the PAC data exhibit two NQIs with ω 0 values of 0.316 and 0.159 rad ns −1 displaying approximately equal amplitudes (A) (Fig. 5) . This suggests the co-existence of two welldefined binding sites in the interior of the coiled coil. The parameter at 0.316 rad ns −1 agrees with the presence of a Cd(II)S 3 O species as predicted. The low value of η = 0.17 is indicative of a small perturbation of the geometry from the axial symmetry. Intriguingly, the angular frequency at 0.159 rad ns −1 is also present. Such a low angular frequency is different from the values that have usually been observed for Cd(II) within these protein environments, which strongly suggests that the Cd(II) site structure is distinct from Cd(II) S 3 O and Cd(II)S 3 species. This could be due to different types of coordination ligands or different numbers of ligands. Moreover, the closer to zero in angular frequency indicates that the charge distribution around the metal site is relatively symmetrical [where the perfect tetrahedral and octahedral geometries of (4 or [6] . Decreasing the frequency further toward the recorded 0.159 rad ns −1 may be achieved either by changing the structure from trigonal planar Cd(II)S 3 to pseudotetrahedral Cd(II)S 3 O with an axial water molecule or by adding another ligand at the opposite axial position forming, for example, Cd(II) S 3 O 2 . Structures of similar 3SCCs determined by X-ray diffraction show that the position of the metal ion is in, or close to, the plane of the three-Cys sulphurs even for Zn(II) S 3 O, suggesting that formation of a tetrahedral Cd(II)S 3 O metal site is not favored [42] . The number of thiols bound to Cd(II), however, is still certainly considered as a tristhiolate as reflective of 113 Cd NMR chemical shift, but the axial ligands could come from two water molecules (one above and the other below the thiolate plane). This assignment is possible, since TRIL2WL16CL19 D L designs have two potential spaces for solvent both at the 12th and 19th positions that are above and below the metal site. This peptide thus allows for the simultaneous access of two water molecules resulting in Cd(II)S 3 O 2 . The ω o = 0.159 rad ns −1 , therefore, suggests a trigonal bi-pyramidal Cd(II) structure and the heterogeneity observed from the PAC spectra indicates that the open space by 19d-Leu in TRIL2WL-16CL19 D L allows for more waters around the metal site. Moreover, the X-ray absorption data in Table 3 show that the best fit for Cd(II)-S and Cd(II)-O distances of Cd(II) (TRIL2WL16CL19 D L) 3 − (Fig. 6a) 3 − should have longer average bond lengths than the pure Cd(II)S 3 O; however, based on these X-ray absorption data, it suggests that the Cd(II)S 3 O 2 species that is really much like a Cd(II)S 3 with two more weakly bound oxygen atoms.
So far, the orientation of d-Leu appears to introduce a space below (referenced to the N-terminus) the Cys plane allowing for solvent water molecule(s) to coordinate to Cd(II) resulting in a mixture of 4-and 5-coordinate Cd(II) species. Based on these spectroscopic results, it is concluded that we efficiently achieved control of the Cd(II) geometries in the a site Cys binding system using d-Leu in the second coordination sphere. Going from the parent TRIL16C design which was found to sequester Cd(II) nonselectively in a mixture of 40:60 Cd(II)S 3 :Cd(II)S 3 O species, the perturbation at the outer sphere one layer (12th position) above the metal site by the reorientation of d-Leu achieved an exclusively Cd(II)S 3 complex. On the other hand, when positioned one layer (the 19th position) below the metal site of TRIL16C, TRIL2WL16CL19 D L allows access to a 5-coordinate Cd(II) complex.
Coordination geometry determination when both the secondary coordination environments of Cd(II) are occupied by d-Leu
As it was successfully shown that a single mutation of d-Leu either above or below the metal site may compel a metal into a specific geometry in our simplified construct, it was next asked whether d-Leu residues placed simultaneous at both the 12th and 19th positions leads to pure 4-coordination. The hypothesis is that the isobutyl reorientation would add steric hindrance above the metal site (blocking water), while at the same time remove the steric restrictions below the metal site, resulting in a 4-coordinate Cd(II) species [Cd(II) S 3 O], this time with a coordinated water pointing toward the C-terminus rather than the N-terminus as was seen for the TRIL12AL16C variant. If this approach were successful, it would provide a systematic method not only for controlling coordination number, but also for dictating the desired location of the exogenous fourth ligand. Such coordination control is a desirable attribute for metalloenzyme design, so that one may predictively generate a catalytic site in a defined region of the protein. The knowledge gained from this work will not only provide a better understanding of the benefits of using stereochemistry in metalloprotein design, but also extend insight into investigating how well a threestranded coiled coil can handle multiple d-amino acid substitutions in close proximity within its sequence. The longer length scaffold is used to avoid a drastic decrease in folding free energy due to the disruption of hydrophobic interactions with the double d-Leu substitutions within the helical core. Here, d-Leu residues are introduced both at the 12th and 19th positions of the GRAND-CoilSer (GRAND-CS) sequence, where the coordination site is at the 16th position generating GRAND-CSL12 D LL16CL19 D L. The GRAND-CS peptide is spectroscopically analogous to the GRAND peptide but also used for crystallographic studies [42] . The physical properties of the peptide were experimentally examined in the same manner as done with TRIL2WL-16CL19 D L. According to the CD band at 222 nm, the apopeptide is ~ 70% folded. The incorporation of two d-Leu residues has a strong effect on the folding of the coiled-coil structure when one realizes that the same level of folding is achieved for GRAND-CSL12 D LL16CL19 D L containing double d-Leu mutation as was observed for TRIL2WL-16CL19 D L that had a single mutation. This suggests that the destabilization associated with the d-Leu substitution roughly cancels the added stability of an extra heptad (generally thought to be ~ 5 kcal/mol per heptad per monomer) [65] . This observation suggests that substituting two d-Leu residues into the TRI-family peptides would yield variants with an insufficient level of folding for the apoprotein. Moreover, the percent folding of the constructs did not improve when Cd(II) was added into the system. This could be because Cd(II) does not help with the folding of the peptide or because the peptide is more dynamic allowing the large excess of chloride access to extract more easily the Cd(II) under the high concentrations of denaturant.
To determine the effect of the double d-Leu mutation on the stability of GRAND-CSL12 D LL16CL19 D L further, GuaHCl denaturation titration studies were performed to compare the results with other single d-Leu containing GRAND-CoilSer variants (Fig. S3) . The GRAND-CS is the crystallographic analogue of the GRAND peptide, in which the GRAND-CS contains His on the 35th position of the last heptad to facilitate the three-dimensional orientation of 3SCC packing. Previous studies have confirmed that the Cys-substituted variants of both peptides were spectroscopically identical [61] ; however, the special feature of the GRAND-CS makes it also possible to perform structural studies. Obviously, the GRAND-CSL12 D LL16CL19 D L is not highly stable with the ΔG folding only 0.77 ± 0.15 kcal mole −1 for the apo-peptide and 0.95 ± 0.11 kcal mole . From these observations, the replacement of d-Leu in the 12th position leads to the most stable peptide among the three in the series. This is most likely because the substitution is close to the N-termini, where the hydrophobes are more tightly-packed, and because of the side chain rotamer conformations of a d site amino acid, the isobutyl group is better accommodated within the hydrophobic core. Consequently, d-Leu residues in the 12th position could tuck the whole side chain into the center of the core. This conclusion is confirmed crystallographically [61] . In summary, it appears that d-Leu substitution in these 3SCCs toward the N-terminus leads to less destabilization than when incorporated near the C-terminus. The destabilization of these two peptides is not as great as seen with 3 − is shorter than the corresponding result from Cd(II)(TRIL2WL16CL19 D L) 3 − suggesting oxygens bind tighter to the Cd(II) center.
These observations suggest that while the reorientation of 19d-Leu definitely removes the steric hindrance below the 16-Cys site encouraging water access from the C-terminal side of the metal binding site, the 12d-Leu placed one layer on top of the 16th position can only control the environment toward the metal site to a limited extent. This could be due to the drastic effect of having two d-Leu residues at the same time along the sequence that might greatly disrupt the hydrophobic packing in the core causing the helices to separate further apart. This effect would lead to a difficulty of folding into a desired structure as indicated by the destabilization of the peptide. We conclude that the steric packing made by 12d-Leu in the GRAND-CSL12 D LL16CL19 D L construct is not as efficient in excluding a water ligand as found in TRIL12 D LL16C. While not completely blocking the access of the second water molecule, these data clearly support the conclusion that the design succeeded to some degree. It may also be that placing two d-Leu on either side of the cysteine layer allows the CH 2 -S side chains to adopt different rotamers pushing the plane of the three-Cys layer toward the C-terminus as compared with TRIL12 D LL16C. In this situation, additional space for a water molecule on the N-terminal side of the metal binding site, as compared to TRIL12 D LL16C, would be generated. These ideas will await corroboration through crystallographic determination of these proteins.
In summary, the replacement of d-Leu in the second coordination sphere around the metal binding site displays different effects on the Cd(II) structures. The orientation of d-Leu when positioned at the 12th position (close to the N-terminus) above the 16-Cys site follows the hypothesis that this residue can block the access of water giving pure Cd(II)S 3 . In contrast, the opposite effect of steric removal was found when d-Leu is placed below the metal site resulting in an equal mixture of Cd(II)S 3 O and a new species Cd(II)S 3 O 2 . Moreover, the combination of 12d-Leu and 19d-Leu placed in a peptide sequence also produces a mixture in which the major product is Cd(II)S 3 O. Even though all of these physical properties are confirmed, there have been no structural details to support how the d-Leu substitution affects the secondary structure of the entire coiled-coil scaffold and how the reconfiguration of the d-chirality impacts the sterics in the outer sphere around a metal binding site of the engineered peptides. To address these questions, it must be very important to perform crystallization studies to advance the complete understanding of these diastereopeptide designs to evaluate the structural implications on how a change in the chirality can drastically alter the coordination environment of the metal within a designed protein.
Conclusion
De Novo protein design has as a promise to understand fully, and consequently build, complex biological architectures. Easily incorporated into peptides through solid-phase synthesis, d-amino acids were used to explore the role of metal second coordination sphere effects on the first coordination structures of Cd(II). Here, we have shown that the introduction of a d-amino acid with a native l-amino acid sequence is possible, even though the overall stability of the scaffold decreases compared to the normal l-peptide construct. However, the desired control of metal sites was accomplished in varying degrees. d-amino acid incorporation, therefore, is potentially a powerful tool that significantly opens up entirely new vistas for metalloprotein design that will greatly expand a variety of biophysical, catalytic, and therapeutic applications.
